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Abstract
This project consists of a rear wheel wheelchair lift to be designed and created by a Cal Poly senior project
team. This project was created for injured veteran Ms. Landeen who has the trouble of tracking mud into
her house because of dirty wheelchair tires. The project was presented by the non-profit organization The
Quality of Life Plus (QL+) Program. Much like when you remove your shoes coming into your home, Ms.
Landeen needs a way to exchange her outdoor wheels for her clean indoor wheels.
The expected outcome of this project is a fully functioning device that will safely and effectively allow Ms.
Landeen to independently change her tires.
The following report details the problem given, background research on current products, initial analysis to
define the problem, the ideation process performed by the team, concept and prototype designs, design
iteration, manufacturing, design verification, and testing of the final design prototype seen in Figure 1.

Figure 1. Picture of the completed final prototype
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1. Introduction
Ms. Landeen is a 10-year US Army Veteran who was injured in a horseback riding accident in 2005 which
unfortunately caused her to become paralyzed from the waist down. Ms. Landeen found that attending a
gym that tailored to her individual needs regularly greatly improved her demeanor and allowed her to
recuperate from the accident. Now she is a very active person who loves to spend time outdoors. Ms.
Landeen lives in the state of Maine which is known for having snowy wet winters and hot humid summers.
This does not keep Ms. Landeen from participating in the activities she loves. During the winter and spring
her wheelchair is fully exposed to the elements, causing her wheelchair tires to become muddy and wet.
Ms. Landeen uses the carbon fiber Panthera X wheelchair seen in Figure 2 [1].

Figure 2. Panthera X, carbon fiber wheelchair
This poses a problem for Ms. Landeen when she must transition from the outdoors to the comfort of her
home. Currently she can exchange her dirty wheelchair tires for clean ones upon entry to her home but is
unable to do so independently. Usually a family member assists Ms. Landeen in lifting the rear wheels off
the ground so that she can quickly trade out the dirty set of tires. Ideally, she would like a device that would
be able to assist her in performing this task independently before entering her home.
This project was presented to the Cal Poly Mechanical Engineering senior design class to develop a device
that meets her specific needs for accomplishing the above tasks. Through the senior design class, the
participants engaged in a formal design process that broadened their design experience and employed those
skills learned in past curriculum.

2. Background
This section will outline the requests and project needs provided by Ms. Landeen, as well as the research
performed on existing products that pose as possible solutions. Based on the customer needs provided,
assessments were made on whether those existing products are suitable solutions for the challenger. From
these assessments, valuable insight was gained into what concepts both positively and negatively contribute
to the specific goals of this project.
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2.1 Customer Needs
After an interview with Ms. Landeen a list was created of the highest priority needs that are necessary for
this project. The device needs to lift Ms. Landeen and her wheelchair to allow her to change her tires. The
highest priority needs that the device must satisfy are as follows: the design must not damage the wheelchair
in any manner, the device needs to be independently operated without the assistance of another individual,
the device needs to be quick and easy-to-use, and the device must be stable during use and possess high
reliability.
Additionally, it was mentioned that the device needs to be able to accommodate multiple styles of
wheelchair tires up to 1/2 in radial difference. The device needs to fit within Ms. Landeen’s enclosed porch
and have as small a footprint as possible while still satisfying all needs. The device will not be an attachment
to the wheelchair and instead be a stationary device that will be installed in Ms. Landeen’s porch. However,
the device needs to be freestanding and not require any hardware to mount or attach it to the porch. For
convenience, the device needs to be lightweight and not require excessive mechanical power to operate [2].
2.2 Existing Products
A device that satisfies Ms. Landeen’s needs is not readily available on the market. There are products that
are used to lift wheelchairs but the products either require a separate operator or require attachment to the
wheelchair. Because of highly important requirements many of the existing products did not meet the
standards of the project. The most applicable products are detailed below along with reasons why they
would not satisfy the project goals.
2.2.1. EezeJack – Electric Wheelchair Maintenance Jack
This product was designed and manufactured by One Step Beyond Inc. and is used by maintenance
technicians for assistance in lifting electric wheelchairs. This device performs a similar task to that of which
is declared in the problem statement. The desired product design must lift a wheelchair enough so that the
rear tires can be easily switched out. This can be seen in Figure 3 [3].

Figure 3. EezeJack Lifting Example [3]
This design is capable of lifting a wheelchair; however, this product must be operated from the rear of the
chair by another person. The customer needs state that this device must be independently operated by the
3

user without assistance from another individual. The overall lifting platform height of this device is also
too short for our desired specifications. EezeJack offers an adapter for soft bottom wheelchairs although it
is unclear whether this attachment would be applicable to the Panthera X wheelchair due to the exotic
geometry of the carbon fiber frame. For these main reasons, this device is insufficient for completing the
tasks specified in the customer needs list. The overall design approach of the EezeJack, however, is very
useful because it successfully employs the concept of mechanical advantage which strongly contributes to
the desired ease-of-use. Employing the concept of mechanical advantage would result in a simple, easy-touse and durable product.
2.2.2. Jack Stand for a Wheelchair
The following patent is for a device that can be attached to a wheelchair to allow for easy removal of the
wheelchair tires. The device patent features two configurations that can be used on wheelchairs that are
based on the Healthcare Common Procedure Coding System (HCPCS). This wheelchair jack works with
specific models of “K” and “E” series wheelchairs that comply with the HCPCS. Figure 4 and Figure 5
show the configurations featured in the patent for two different wheelchair styles [4].

Figure 4. Jack stand for wheelchair, configuration 1 [4]

Figure 5. Jack stand for wheelchair, configuration 2 [4]
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The patent satisfies the requirements for lifting the wheelchair for easy tire removal but it does not satisfy
the requirement that the device must be separate from the wheelchair. Additionally, the Panthera X
wheelchair would need to be modified to be used as shown in configuration 2. This would require
modification to the carbon fiber axel of the wheelchair which could lead to damaging the wheelchair.
Table 1, below shows the search results for related patents to wheelchair holders and wheelchair lifts that
were not applicable to the project directly. However, certain aspects of the devices would prove useful and
could be modified to fulfill the project goals. For instance, the rack-and-pinion lifting mechanism could be
adapted to lift Ms. Landeen’s wheelchair if it could be connected to a device that performs the pumping
action mechanically.
Table 1. Patent search results
Patent Name
Patent Number
Vehicle-Mounted Wheelchair Support Rack US 6,595,398 B2
Assembly with Lifting Capability [5]

Wheelchair Lift Transfer Decive [6]

Image

US 8,910,326 B2

2.3 Regulations
According to ADA Accessibility Guidelines, for this device to be operated independently by the user of the
wheelchair, all components (i.e. electrical switches or mechanical devices) must be mounted at least 15
inches above the ground. Additionally, any controls that are necessary for the device to work require less
than 5 pounds of force to operate. Any device actuation must be able to be done with one hand without the
use of “tight grasping, pinching, or twisting of the wrist.” If a platform is used for this wheelchair tire
changing device: the difference between the top of the platform and floor on which it sits must be less than
½ inch apart. If this distance exceeds ½ inch, the device must include a ramp to accommodate for the surface
height difference [7]. These regulations must be considered for compliance and standardization of the
device that is to be produced.
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3. Objectives
This section will detail the problem statement, boundary or scope of the project, quality function
development (QFD) process, as well as the specifications that the project will require to satisfy the customer
needs mentioned above.
3.1 Problem Statement
Ms. Landeen, a veteran with a disability that requires her to use a wheelchair to move around, is a very
active outdoor enthusiast who needs a way to replace her dirty rear tires with clean rear tires for in home
use. Ms. Landeen's current method of changing her tires requires the assistance of another person or requires
her to track dirt into her home. The solution needs to be safe, easy-to-use, and most importantly allow for
independent changing of her tires without damaging her wheelchair.
3.2 Goal Statement
The goal of this project is to design a solution that best resolves the issues stated in the problem statement
while adhering to the specified customer needs. This device needs to be able to safely and independently
lift Ms. Landeen’s wheelchair enough to interchange two possible wheel sizes without damaging the chair
in any way. The desired design will be a stable, free standing mechanical device that can be disassembled
or collapsed for easy storage.
3.3 Boundary Diagram
The boundary diagram specifies the workable area of the project. The boundary of this project is the area
between the enclosed porch and the outline of the Panthera X wheelchair [1]. This is the boundary for the
project because the device will not be attached to or modify the wheelchair and is an entirely separate unit.
Figure 6, shown below, shows the applicable area for this project. Additionally, the device must be free
standing without mounting requirements to the surrounding walls or floor.

Figure 6. Boundary diagram schematic for workable project area
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3.4 QFD Process
A QFD (Quality Function Deployment) allows for a comparison between engineering specifications and
customer requirements to determine how each specification ranks in importance and relevance to each
customer requirement. This process also allows for the comparison of existing products to be evaluated
against the same criteria.
In the QFD “house of quality,” found in Appendix A, there are listed sponsor's requirements, as well as
engineering requirements that will be tested in the final design. Each of the sponsor's requirements were
weighted based on importance to the user. Sponsor requirements were then rated against engineering
requirements to determine the tests needed to meet the defined specifications. Finally, the listed design
specifications were then compared to similar existing products mentioned above by benchmarking how the
existing products met the specific engineering needs expressed in the chart. This QFD analysis helps
determine if any existing products already fulfill the problem requirements. After analyzing the QFD, no
existing products were found to meet the engineering requirements laid out.
3.5 Specifications Table
Table 2 was created after the initial interview with Ms. Landeen. Ms. Landeen's specific needs included no
damage to her fully carbon fiber wheelchair, nothing attached or added to the chair itself, a free standing
stable device, and a device that can raise the rear tires of the chair at least an inch off the ground. Ms.
Landeen desired specific needs such as a lightweight system that is easy-to-use. Interest was also expressed
in a foldable design that could be stored away in the summer months when she does not need to change her
wheelchair tires.
Table 2. Engineering Specifications for Wheelchair Lift
Spec. #

Parameter Description

Requirement or Target

Tolerance

Risk

Compliance

1

Weight

40 lb

±5 lbf

H

I

2

Time

30 seconds

±5 sec

M

T

3

Lifting Force

300 lb

±50 lbf

M

A,T

4

Actuation Force

5 lbf

±10lbf

M

A,T,S

5

Lift Height

1 inch

± 0.5 in

L

A,T,I

6

Device Footprint

2.5 x 3 feet

± 0.5 ft

M

I

7

Cost

$1000.00

± $250

L

A,S

8

Device Height

4 feet

+ 0 ft, -3 ft

L

I

*A=Analysis, T=Testing, S=Similarity to Existing designs, I=Inspection
H=High Risk, M=Medium Risk, L=Low Risk
The engineering specifications in Table 2 represent the measurable goal value for each parameter as well
as the risk of completion, and how each parameter will be tested. The estimated tolerance is the range of
7

deviation from those targets to be expected for the final design. A low risk specification indicates that the
task can be easily completed, while a high-risk specification indicates a higher difficulty in accomplishing
the specified task within the target range. The highest risk for this project is keeping it light enough for easy
lifting and moving around Ms. Landeen’s enclosed porch. This risk is high because in order to keep the
device safe and stable during tire changes the design will need to be made out of strong materials that add
weight as well as have a sturdy free-standing base. High strength materials such as metals add weight
quickly, while lighter materials like carbon fiber add extra cost.
Some more details of each specification, by specification number, are:
1. Overall weight of the device is a requirement for this project because the device needs to be able
to be lifted by Ms. Landeen’s husband or children without needing extra help, or causing injury.
2. The time it takes to change her tires is a requirement for this because if the tire change is not more
efficient than her current process, the device will be useless.
3. Lifting force is a requirement for this project because there is a specific force needed to safely lift
the user’s chair. A rough estimate of at least 300lbs lifting force was specified to lift the chair.
4. The force the user needs to apply to the device (actuation force) is a requirement because the user
can only supply so much force in their position sitting in a wheelchair. To follow ADA guidelines,
no more than 5 𝑙𝑏𝑓 is to be exerted. This force will be measured by calculations and testing.
5. The chair needs to be lifted at least 1inch off the ground to complete a tire change and allow for
clearance due to different sized tires.
6. Since the device will be stored in a small indoor porch, the footprint of the device needs to be small
enough to not take up too much room space. Other items are stored in the room and there needs to
be enough space to walk around the device.
7. The overall cost of the device is important for this project but quality is the most important.
8. The device needs to be low in height in order to keep the device as compact as possible.

4. Concept Design Development
This section outlines the ideation processes that led to the design concepts used to produce the preliminary
prototype. Starting with idea generation methods, various concepts models were built and assessed and one
selected for proceeding with the formal design process. With a concept model selected, preliminary analysis
and functionality evaluations were performed following generation of project concerns and unknowns
moving forward with the design.
4.1 Idea Generation
It is important to be as creative and open minded as possible when generating ideas for a possible design
solution. There are various methods and activities that have been developed to aid in idea generation; some
of the more popular include, Brainstorming, Morphological Attribute Table, Brain dumping, Collaborative
Sketching, Brain Sketching, SCAMPER, etc. The main purpose of these types of exercises is to prevent
criticism of any possible idea or concept no matter how bizarre or impractical it may be. These activities
allow for a very visual and interactive environment between those collaborating, which in turn increases
the amount of ideas generated. With more options available, it will be easier to narrow in on a solution that
is unique and creative. Of the many methods and activities available, three ideation sessions were performed
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for this project: Morphological Attribute Table, Five Three-minute quick sketches (Brain Sketching) and
the SCAMPER Method.
4.1.1 Morphological Attribute Table
A Morphological Attribute or MORPH table, shown in Figure 7, allows the designer to mix and match
various solution attributes to produce several design combinations. Each column is assigned an attribute or
action pertaining to the desired function or problem. Once the columns are established, specific values or
entries pertaining to the attribute are listed. Once this is done for each column, an individual value from
each category is chosen and matched with another value from the proceeding categories. This is process is
done multiple times creating various combinations of each attribute which can spark concepts and ideas
that may not have been considered previously. Table 3 is a concise list of ideas represented by the bubble
and lines that are seen in Figure 7.

Figure 7. Morphological Attribute Table

Mechanical Concept
Gears/Rack
Springs
Hydraulics
Linear Gear/Leadscrew
Induction motors

Table 3. Morphological Chart Idea Selection
Material
Actuation
Wood
Ratcheting System
Carbon Fiber
Crank
Aluminum
Handles
Steel/Iron
Joystick
Fiber Glass
Crank

Storage
Disassemble
Quick Pin Release
Retracting
X-Frame
Key and Slot

4.1.2 Brain Sketching
Brain sketching consists of drawing multiple ideas within short amounts of time. This allows for quick and
focused solutions that force the designer to initiate different concepts at a fast pace. For this exercise, a total
of 5 sketches were made by each team member with 3 minutes allowed per sketch, generating 45 concepts
in total. Although the same ideas may be drawn by different team members, the fact that no one person
thinks the same allows for each sketch to be unique. With each sketch having unique qualities introduces
9

ideas that the rest of the team may not have considered. Some example sketches that were generated are
seen below in Figure 8.

Figure 8. Sample from brain sketching idea generation session
4.1.3 SCAMPER Method
SCAMPER is an acronym that provides an organized way to get users to think creatively. This activity
consists of taking one idea or concept and applying changes as indicated by each letter. S- Substitute: where
the user takes the main topic, and substitutes a different yet equivalent topic to form a new idea. CCombine: the original topic is combined with other aspects to improve the original topic. A- Adapt or
Adjust: Adjustments are made to the original topic such that it is adapted to another use. M- Magnify: here
a specific aspect of the original topic is focused on and made the subtopic of interest. P- Put to other uses:
here the topic is put to other uses such that the original purpose of the topic is altered. E- Eliminate: where
aspects or properties of the original topic are removed. R- Rearrange: Topic aspects or functions are
rearranged to provide new functions unrelated to the original device function.

Figure 9. SCAMPER method sketches
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This SCAMPER exercise was performed by each team member, with the device of interest being the
common adjustable height office chair. Figure 9 shows some ideas that had been created by the SCAMPER
method. Performing the SCAMPER method proved beneficial by exposing possible ideas including some
sort of hydraulic actuation system. However, due to complex nature of these systems further development
was not pursued.
4.2 Concept Building and Selection
As a result of the three-ideation sessions, the span of the project solutions was narrowed down to five
concepts. A cam device that allows the user to operate the mechanism by pushing down on a set of levers
which then translate rotational movement to vertical actuation. A lat-pulldown lifting device which allows
the user to pull down on a set of overhead levers which employ mechanical advantage and a linkage system
to lift the wheelchair axle. Another concept model that is similar to the lat-pulldown mechanism is the lever
lift model which employs a similar mechanical advantage linkage system to lift the seat, however, this
device is actuated by pushing the two lever arms down as opposed to pulling down from overhead. A lead
screw operating lifting mechanism consisting of a leadscrew operated by an electric motor to translate
rotational torque into vertical motion was also considered. Lastly, a hydraulic system similar in operation
to that of a standard office chair was also considered for the fifth and last concept.
Of these five concepts, the first three were selected for construction into physical concept models. Simple
household craft materials such as popsicle sticks, foam core board, and hot glue were used to build these
concept models. These models are simple and only need to prove one important function of the overall
project, in our case the models had to be able to perform a lifting motion. While all models could perform
this task, the lead screw and hydraulic models were too complex to simulate with the simple materials
provided and therefore omitted from the concept model build.
4.2.1 Cam Operated Push-Down Model
This model, as seen in
Figure 10, operated by pushing down on two levers that rotate a shaft which in turn uses a cam to push
down on the rear end of a beam which then pivots the opposite end up providing the necessary lift required
to lift the rear axle of the wheelchair. The center beam seen in Figure 11 acts as a “see-saw” allowing the
chair to be brought back down after the wheels have been changed. This concept provides an easy to
manufacture and simple to use solution.

Figure 10. Cam Operated Push-Down model before (left) and after (right) actuation
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Figure 11. Cam Push Down model seen from above
4.2.2 Wheelchair Lat-Pulldown Lift
This lifting device seen in Figure 12 requires the user to grab an overhead bar and pull down towards their
body to lift the wheelchair from the axle underneath. The concept model shows that the lift is possible using
this mechanical advantage method. Changes can be made to adjust the user’s input to lift output ratio to
make the user comfortable with lifting their chair.

Figure 12. Wheelchair Lat-Pulldown Lift Idea Concept
4.2.3 Lever Lift Model
The Lever Lift Model, seen in Figure 13, utilizes a user actuated lever to do the lifting work. There are two
handles that the user would push down on, represented by the red arrows in Figure 13, to actuate the
mechanism and lift the wheelchair. A panel between the axle and the seat of wheelchair would provide the
support for the user as they lift themselves. For this model, the device would not be lifting the wheelchair
by the axle, instead the mechanism would lift from beneath the wheelchair seat.
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Figure 13. Non-actuated Lever Lift model (left) and actuated model displaying lift height (right)
4.2.4 Selection Process and Idea Refinement
A Pugh Matrix, located in Appendix B, was used to determine the most viable solution to proceed with
prototyping and final proof of concept modeling. The Pugh Matrix is like that of the QFD Matrix which
takes each concept and assesses its ability to fulfill each project requirement. First each project requirement
is ranked on importance on a scale of 1 to 10, 10 being extremely important and 1 the least important. Once
the requirements are ranked, each concept is then evaluated against each requirement and give a “+” if the
requirement is met, a “-“ if the requirement is not met and an “s” if the model neither satisfies nor dissatisfies
the project requirement. The concept with the highest total weighted sum is, in theory, the ideal concept
that will best satisfy the requirements of the project.
Based on the results of the Pugh Matrix the lever lift model is the ideal concept with a total weighted sum
of 56. However, due to possible obstructions caused by the A-frame when the user is removing the tires,
this idea was not pursued and instead the Lat-Pulldown model was selected. The Lat-Pulldown model had
the second highest total weighted sum and provided more options for a support structure that would not
interfere with the wheelchair tires. After coming to the decision to pursue this idea, the concept was refined
and reimagined. The reimagined concept is seen below in Figure 14. This model requires a push up motion
for actuation but the support structure was compacted to provide the necessary clearance for the wheelchair
tires.
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Figure 14. Reimagined Lat-Pulldown concept model sketch
The model in Figure 14 included a release mechanism to lower the user after the wheelchair tires have been
changed. It also featured a mechanism that would grab the axle to secure the wheelchair as it is lifted. The
linkage on the bottom of the device would ensure that the mechanism would stop lifting after the required
height was achieved. This model requires the user to push up on the input bar in order to get an upward
motion. In order to invert the relationship between input and output direction the concept was refined once
again. Figure 15 shows the outdoor exercise equipment and the linkage system that it utilizes. This system
contained the necessary movement that was required for the project.

Figure 15. Outdoor exercise equipment
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However, the base is far too bulky to be used with a wheelchair and is bolted to the ground. Additionally,
this system has thick and heavy tubing for the support structure that would not be feasible for transport.
After gaining inspiration from outdoor exercise equipment seen in Figure 15 the concept was refined to
what is seen in Figure 16.

Figure 16. Refined Lat-Pulldown concept model sketch
This mechanism features an inverse relationship between the input direction and the motion at the load
point. As the user pulls down on the input lever, the device will be lifting them up and vice versa.
Additionally, the input lever at the top allows for mechanical advantage so the user does not have to lift
their full weight. This design proves to be the most viable option for achieving the project requirements due
to its relative simplicity and robustness as well as ease of operation.
4.3 Preliminary Analysis and Proof of Concept Modeling
Analysis for this project began with the usage of the program “Linkage” which allowed input of individual
link dimensions as well as simulation of the intended motion of the device. Preliminary lengths were
inputted to program to get an idea of the overall scale of each link, this can be seen Figure 17. A rough
overall height goal of four feet was initially specified to model this concept. A 2-D model of the Panthera
X wheelchair as well as someone sitting in it to represent Ms. Landeen were then inserted to the linkage
model. This is a rough estimate of the overall size of the device once fully scaled. With each part scaled to
this overall height preliminary calculations and analysis were then performed.

Figure 17. Simulated concept model in Linkage with wheelchair for size reference.
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4.3.1 Load and Lift Calculations
In order to assess the forces that are present in the concept model a static analysis was performed on the
linkage system. The analysis resulted in the equation below which relates actuation force to the desired
weight to be lifted. The full calculation can be seen in Appendix C.
𝐹𝑖𝑛 =

𝐿2 (𝐿5 + 𝐿6 )
𝑊
𝐿1 𝐿5

Where 𝐹𝑖𝑛 is the force inputted to the system and 𝑊 is the weight to be lifted. 𝐿1 , 𝐿2 , 𝐿5 , and 𝐿6 correspond
to the variable linkage lengths seen in Appendix C. Through this equation it is determined that 𝐹𝑖𝑛 is
minimized as 𝐿1 and 𝐿5 are increased. This intuitively makes sense due to the fact that as the lever arm, 𝐿1
is increased, the force that is required to lift a load is decreased as a result of the mechanical advantage.
Additionally, the input force can be further reduced by minimizing the 𝐿2 distance.
Values were inputted into these variables and were then used in a SolidWorks drawing to determine the
relationship between input angle to output height. Figure 18 shows the dimensions that were used in order
to generate a set of output heights for an input angle of 15°. The 𝐿5 distance was changed from 0 to 15
inches in order to generate a range of output heights for a constant input angle. These data were then
recorded for an input angle of 25°. The data was then plotted and can be seen in Figure 19.

Figure 18. SolidWorks 2-D Sketch used to determine output height to input angle relationship
Figure 19 shows the relationship between output height and force output for the specific linkage system of
Figure 18. The input force used for this set of data was, 𝐹𝑖𝑛 = 20 𝑙𝑏𝑓 .
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Figure 19. Force output and output distance relationship for force input of 20 lbs
As seen in Figure 19 as the 𝐿5 distance is increased the output height decreases nonlinearly while the force
output scales linearly. There is an optimal location where the design lift height of 1-2 inches corresponds
to a 𝐿5 distance of approximately 14 inches for an input angle of 25°. This 𝐿5 corresponds to an output
force of approximately 225 pounds. This data confirms that the lift and force can be achieved in order to
satisfy the project goal of lifting the wheelchair. However, the data is specific to this set of linkages. Any
modifications to the dimensions of the linkage system would render the curves in Figure 19 inapplicable.
In order to solve this problem, a relationship between the input angle, 𝐿5 distance, and output height must
be determined symbolically so that it can be applied to a changing design with varying dimensions and
input angles. Although the data in Figure 19 does not apply to every possible linkage configuration, it does
provide information on the inverse relationship between the force and height output of the system that will
be useful for future calculations and iterations of the design.
4.3.2 Concept Model Prototype
For the initial concept prototype in Figure 20, the function that was to be captured is the ability for the
model to lift with the above linkage system. For simplicity, the model was built out of 1 x 3-inch wood and
1-1/4 x 1/8 x 3-inch aluminum strips linked together with zinc plated machine screws.
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Figure 20. Concept model, default position (left) and actuated position showcasing lift height (right)

Figure 21. Concept model including freestanding base
The prototype base seen in Figure 21 was constructed using 1 x 3 inch wood to hold the upright support
vertical. A slot was created so the upright support could be removed from the base if needed to keep the
prototype portable. This base was designed to fit snugly between the wheelchair’s tires in order to keep the
wheelchair straight when backing up into the device. The height of the wooden pull-down bar is high
enough for the wheelchair user to fit in and comfortably use. The height of the horizontal lifting links are
designed to be 0.5 inches below the axle in order to easily roll up into the lifting device and engage the lift.
4.4 Functionality Assessment
The previous iteration of the design seen in Figure 22 effectively satisfied each of the project requirements
while providing the user with a simple easy to actuate lifting motion. The user would back into the device
using the base legs as guides to ensure that the wheels are parallel with device base. The width of the base
legs would be scaled such that the inside of the wheelchair tires would ride against the outside of the base
legs. The user would then continue to travel backwards until contacting the axle interface which inform the
user that they have reached the optimal lifting position. To prevent damage to the wheelchair axle while
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engaging the device, the axle interface would contain some sort of cushion or be made of soft yet rigid
plastics such as ultra-high molecular weight polyethylene (UMHW). Rough dimensions for this mechanism
can be seen in Appendix D.

Figure 22. Wheelchair lift mechanism with labeled components
The user would then actuate the device by pulling down on the pull-down bars which would in turn provide
the necessary lift for the user to perform the tire change. The functionality of the mechanism can be seen in
Figure 23, illustrating the device before and after actuation.
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Figure 23. CAD model showcasing mechanism lift functionality
4.5 Risk Assessment
There were a few risks with the prototype model presented above. One issue found with the concept model
was the weight. The weight of the model was around 75 pounds which was above the goal of 40 pounds for
easy movability. The projected weight of the model was estimated using the SolidWorks mass calculator
when using 1.5-inch tubing with 0.125-inch wall thickness. To lower the weight of the device, lighter
weight material such as aluminum or plastics could be exchanged for the heavier steel.
Another is the possibility for a lack of stability between the contact point of the device and the wheelchair
axle. If the axle interface or axle contact point is too narrow it is possible for the device to be unstable when
the user shifts their weight from side to side when performing the tire change. This risk can be minimized
by creating a wider contacting surface between the axle and the device as well as ensuring that the center
of gravity of the device coupled with the wheelchair is kept low to reduce any possibility for tipping.
The current physical safety hazards and solutions to these hazards of our prototype device can be seen in
Appendix E.
4.5.1 Project Unknowns and Direction
There were several unknowns in this project that are addressed in the following section. One issue is the
location of the center of gravity of Ms. Landeen in her wheelchair. This will determine how much of her
weight is distributed between the front and rear tires during the lifting process. This was also needed to
accurately determine how much weight the device must be able to lift. With these forces accounted for,
dimensions of the individual link sections can then be optimized and sized accordingly. With the link
dimensions and necessary forces determined, the material can then be selected for the construction of the
structural prototype.
Additional unknowns include a locking mechanism that would secure the device in the elevated position to
allow the user to release the pull-down bars and remain suspended to perform the tire change. Some ideas
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for solving the problem are incorporating some sort of ratcheting or pin locking mechanism at the top pivot.
The final unknown with the project design at this time is a way to reposition the each of the pull-down lever
arms to provide the user with sufficient clearance and full range of body motion when performing the tire
change. A possible solution would be to have the pull-down bars swivel or rotate outwards using a hinge
or some sort of elbow joint mechanism. These unknown issues are addressed in the final design process.

5. Final Design
This section outlines the processes and events that led to the latest rendition of the final design. This
included the assessment of the project unknowns in the form of preliminary tests/analysis to validate the
previous design showcased in earlier sections. Based upon the results gathered from these tests/analysis,
decisions for a redesign were made. With these design changes a structural prototype was built and
examined for possible improvements. Following examination of the structural prototype, the design was
finalized, and preparations for construction of the final prototype were outlined in the later sections of this
chapter.
5.1 Assessment of Project Unknowns
The next step in the design process is to address the project unknowns to determine whether proceeding
with the previous design was the most viable option. The most significant project unknowns, such as the
axle stability issue, as well as the weight distribution between the front and rear tires were chosen for
examination.
5.1.1 Center of Gravity/ Weight Distribution Analysis
An experiment was performed using a standard manually operated car scissor jack to lift a similarly sized
wheelchair provided by QL+. The objective of this experiment was to address both of the previously stated
design concerns by obtaining first-hand user experience. A standard home scale was used while lifting the
wheelchair to determine the weight distribution between the front and rear tires, as seen in Figure 24.

Figure 24. Weight distribution experiment, view of axle and weight scale

21

It was found that about 30% of the user’s weight is transferred to the two front wheels while the remaining
70% must be lifted and supported by the device. This means that with a design load of 300lbs, the device
should theoretically support a person weighing about 430lbs. This design weight was chosen to ensure that
the device would safely and easily be able to handle the Ms. Landeen’s weight. Considering the weight of
the average middle aged woman (170lbs), a factor of safety of about 2.52 is achieved. This is well within
acceptable standards considering the simplicity of the device and the risks associated with device failure
which is unlikely.

5.1.2 Device Stability Testing
The device stability was then evaluated by having each of the project team members simulate the tire
changing process as seen in Figure 25. During each of the simulations, exaggerated movements including
excessive rocking and leaning were performed to gain insight on the behavior between the wheelchair axle
and the lifting surface of the car jack. The car jack’s lifting surface was virtually flat with a glossy finish
promoting slippage and instability. It was found that even with these conditions, the wheelchair was lifted
off the ground with ease while remaining fully stable with minimal rotation at the contact surface. Based
on these experimental results, it was decided that the axle interface should provide the user with a safe and
stable ascent during operation.

Figure 25. Stability experiment showing lifted wheelchair with one tire removed
5.2 Design Changes
Following experimentation, a team decision was made to alter the design by changing the form of actuation.
After seeing firsthand how easy it was to lift a person with the scissor jack as well as the reduction in load
due to weight distribution, it was decided that employing full mechanical advantage was unnecessary. The
pulldown bar design, although effective, introduced complications with the linkage analysis. This design
would have required additional sub-assemblies such as the locking and pulldown bar pivot/rotation
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mechanisms which would be complex and require additional time and material to produce. By replacing
the pulldown bar actuation system with a linear actuator, the device would essentially perform the same
task while simplifying the overall design. The overall height of the device would also be greatly reduced
which would cut down on material costs.
Before proceeding with the design change, Ms. Landeen was contacted and informed about the possible
design changes. She expressed preference for an electrically operated “push button” design over the full
mechanical advantage linkage system. With her approval, the device was redesigned to include an electric
remotely operated linear actuator with a similar device base. With the pulldown bars removed, the overall
height of the device was reduced significantly allowing for an overall lower effective center of gravity
which increases stability of the device.
5.3 Structural Prototype
It was decided that the structural prototype should embody the above stated design changes which mainly
consisted of eliminating the pull down mechanism completely. With this mechanism removed, only the
structure’s base would remain. The upright support was shortened to a length of 14 inches while the base
legs remained at their predetermined length. In the previous design, there were two horizontal members
included to ensure that the axle interface would remain vertical, this was found to be unnecessary. Moving
forward it was decided to limit the design to only one set of horizontal members. The objective for this was
to build the complete frame, purchase a linear actuator, and be able to simulate and evaluate the change in
the method of actuation.
5.3.1 Linear Actuator Sizing Calculations
Before purchasing a linear actuator, statics calculations were performed to obtain the actuation force
required. Calculations were performed with the specified design load of 300lbs with the actuator oriented
at an angle for clearance issues with the devices overall height. Full static calculations in variable form can
be seen in Appendix C-3.
𝐿𝐴𝑐𝑡,𝑣
𝜃 = sin−1 (
)
𝐿𝐴𝑐𝑡
Where 𝜃 represents the angle between the length of the actuator (𝐿𝐴𝑐𝑡 ) and the horizontal plane, and 𝐿𝐴𝑐𝑡,𝑣
represents the vertical distance between the actuator mounting points. Ideally, an angle of around 30° would
simplify calculations such that an actuation force of about double the design load would be needed to
provide the necessary lift.
𝑊
𝐹=
sin(𝜃)
This was implemented using the above equation where 𝐹 represents the actuation force put out by the linear
actuator itself and 𝑊 represents the desired load to be lifted. Solving using with a desired load of 300lbs
and an actuator angle of 30° yields an actuation force of about 600lbs. This means that the actuator
purchased must be able to lift and maintain at least the 600lbs in order to assure the user is held up and off
the ground.
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5.3.2 Linear Actuator Purchasing
With the rough estimate of 600lbs actuation force as well as the desired 30° angle within the space provided
by the base, it was determined that an actuator with an overall length of about 12 inches would best
accommodate the spatial specifications. Progressive Automations, a manufacturer and distributor of linear
actuators and control systems, was selected for purchasing the linear actuator.

Figure 26. Showcases the PA-17 linear actuator produced by Progressive Automations.
The PA- 17 linear actuator seen in Figure 26 possessed the necessary overall length and ruggedness needed
for this project with the flexibility between wired and wireless control systems. This linear actuator was
available with stroke lengths ranging from 2-24 inches at a fully retracted length of 11.8 inches with a 2
inch stroke. The combined extended length of 13.8 inches was found to be more than enough to raise a
wheelchair up and off the ground. There were two load options available for this model of linear actuator,
one with a max load of 850lbs and the other rated at 2000lbs max load. Both of the these load options were
offered at the same cost, therefore it was decided that the 2000lbs load rating would be the best option to
build in another factor of safety within the system itself. A purchase was made in the amount of $411.70,
which include the PA-17 linear actuator, a control box with wireless remotes, and a heavy duty aluminum
mounting bracket for the lower portion of the actuator as seen in Figure 27.

Figure 27. Control box with wireless remotes (left) and heavy duty mounting bracket (right)
5.3.3 Construction of the Structural Prototype
With the arrival of the parts purchased from Progressive Automations, the next step was to purchase the
necessary materials to construct the frame. There materials were purchased from The Home Depot and
included various sizes and configurations of steel stock. Steel C-Channel was purchased in 1/8 inch thick
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3 foot sections for the base legs. These were ideal because they allowed for bolt clearances between the
base brackets and actuator mounting plate. Steel 2 inch fence post was also purchased for the upright support
as well as 2 inch angle iron for the base brackets. Finally, both 2 inch wide 1/8 inch thick and 3inch wide
3/16 inch thick flat bar was purchased for the horizontal member and actuator mounting plate respectively.
The structural prototype was based on a preliminary SolidWorks model seen in Figure 28.

Figure 28. Preliminary SolidWorks model for structural prototype
Initial plans for building the prototype included welding multiple parts together to create a solid standing
base. However, due to ease of manufacturing and assembly the choice was made to use fasteners for the
entire project. This would also allow for easy disassembly and help reduce shipping costs. The holes needed
to fasten all the parts together were dimensioned and positioned based on the detailed drawings from the
preliminary SolidWorks model. The cut pieces were then center-punched and the holes drilled out using a
drill press at the Cal Poly machine shops. The preliminary axle interface was cut and shaped from 1/4 inch
plywood. A photo of the completed and assembled and fully disassembled structural prototype can be seen
in Figure 29.

Figure 29. Fully assembled and disassembled structural prototype not including power source
5.4 Preliminary Testing
Following construction of the structural prototype, some preliminary tests on the function of the device
were performed. In order to power the device temporarily, a 12V 10A battery charger was used to power
the actuator and control box. The full function of the device was then tested by one of the project team
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members as seen in Figure 30. A simulation of the entire wheelchair tire changing process was carried out
and the devices behavior observed.

Figure 30. Structural prototype test: lifting the user off the ground
Upon ascent no audible or visual signs of struggle were seen from the linear actuator or the device itself,
however, deflection was observed at the rear end of device. This deflection occurred while the device was
being loaded with the full weight of the user. A maximum deflection of about 1 inch was seen at the rear
edge of each base leg as seen below in Figure 31.

Figure 31. Visual of deflection at rear of base legs caused by large moment about the vertical support
It is believed that the deflection is caused by a large moment being placed between the actuator mounting
plate and the base bracket as seen in Figure 32. Possible contributing causes could be a lack of material
thickness of the base legs as well as a force concentration placed on the base legs by the actuator mounting
plate. Some possible solutions to this problem could be to increase the base leg material thickness as well
as change the geometry of the cross sectional area from C-Channel to thick bar stock. Additional solutions
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could be to either weld the base bracket to the actuator mounting plate to better distribute the force being
applied to the base legs over a larger surface area.

Figure 32. Point location where the moment is believed to be concentrated
5.5 Final CAD Model
The final rendition of the new design includes a similar base to that of the structural prototype and can be
seen below in Figure 33. Based on the results from the preliminary testing of the structural prototype, the
material thickness of each of the structurally vulnerable parts was increased in the final model. The base
leg material stock was changed from 1/8 inch thick C-channel to 1/2 inch thick bar stock. By thickening
this material, the base legs would be more resistant to bending and can in turn be shortened to reduce the
overall footprint and weight of the device. Other important structural members of the assembly such as the
base brackets and upright support were also modeled with a thicker material to promote higher overall
stiffness of the device components.

Figure 33. Fully labeled 3-D CAD model of final design assembly
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The overall height of the device was reduced to cut down on overall weight due to the gain in material
thickness as seen by the side profile view in Figure 34. It can also be seen that the control box will be
mounted to the rear of the upright support and the power source directly below on a plate spanning between
the base legs. This short distance will allow for a short and direct wiring path that can be ran inside the
upright support to hide the wiring harness from view and make a more aesthetically pleasing final product.

Figure 34. Side profile view of device in its lowered actuation position
The final 3D rendition also includes a hole offset on the axle interface to allow for sufficient clearance of
the linear actuator when fully retracted. Rounds will be put on the corners of the base brackets for safety
purposes, as well as to improve the overall aesthetic appeal of the final design. Once the final product is
completed and tested, the bare metal parts will be sent out to be sand blasted and powder coated.
5.5.1 Detailed Design Description of Manufactured Parts
This section of the report will provide a detailed description of each part that is to be manufactured for the
final design. As previously mentioned, bolted connections were implemented between all parts to allow for
easy disassembly. These bolted connections will also allow for easier shipping as the parts will be able to
be laid flat into standard packaging and assembled once the parts arrive to the desired location.
Axle Interface
The axle interface (Part # 1108-1110) can be seen in Figure 35 and is designed to provide a contact point
for Ms. Landeen’s wheelchair axle.

Figure 35. CAD model of axle interface
As Ms. Landeen backs into the device the taller tab will make contact with the wheelchair axle indicating
to Ms. Landeen that she is in position to begin actuation of the device. The radial cutout between the tabs
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is sized to be approximately 1/8 inch larger than the diameter of the axle on Ms. Landeen’s wheel chair to
provide a gripping action when the wheelchair is lifted. The smaller tab is designed to provide retention of
the axle while the wheelchair is lifted. The left hole is used to connect the linear actuator to the axle interface
via a bolt and spacer. The hole on the right is offset from the horizontal to provide necessary clearance for
the linear actuator as it extends and retracts. The detailed drawing for the axle interface can be seen in
Appendix F.
Horizontal Member
The horizontal member (Part # 1107) seen in Figure 36 is the connection member between the PA-17 Linear
Actuator and the upright support.

Figure 36. CAD model of horizontal member
The hole on the right is the pivot hole and serves as the connection point to the upright support. The two
holes on the left correspond to the holes that were discussed with axle interface. The horizontal member is
responsible for providing a radial pathway for the linear actuator to follow as it extends. The detailed
drawing for the horizontal member can be seen in Appendix F.
Upright Support
The upright support (Part # 1106) seen in Figure 37 features the pivot hole on the left pictorial and the two
holes that connect the upright support to the base bracket on the right.
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Figure 37. CAD model of upright support front view (left) and back view (right)
The purpose of this component is to support the forces exerted by the linear actuator. Additionally, it acts
as a rigid member to support the weight of the linear actuator. If this part was not implemented the horizontal
member would lack a pivot point to connect to and the linear actuator would fall as it is operated. The
detailed drawing for the upright support can be seen in Appendix F.
Base Bracket
The base bracket (Part # 1102-1103) seen in Figure 38 consists of a set of angle iron brackets with through
holes for bolted connections.

Figure 38. CAD model of base bracket versions A and B
As seen in Figure 38, the two centralized holes are used to locate the bottom two holes on the upright
support. The final design requires two of these brackets, one for each side of the vertical support. The holes
on either end of the base bracket are used to connect to the base legs via a bolted connection. Angle iron
was chosen for the base bracket for its “L” shape. This would avoid having to weld two plates together at
an angle in order to achieve this “L” shape. The detailed drawing for the base bracket can be seen in
Appendix F.
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Actuator Mounting Plate
The actuator mounting plate (Part # 1104) seen in Figure 39 is used to connect the linear actuator BRK-17
bracket to the base of the mechanism.

Figure 39. CAD model of Actuator Mounting Plate
The two holes in the center are sized to fit the corresponding mounting holes on the BRK-17 bracket
purchased from Progressive Automations. The holes on both ends are used to locate and bolt the actuator
mounting plate to the base legs. The detailed drawing for the actuator mounting plate can be seen in
Appendix F.
Base Legs
The base leg (Part # 1101) seen in Figure 40 is the foundation for the design. It is made from thick 1/2 inch
steel to act as a heavy base. Overall the final design is bottom heavy as a result of these base legs which
promotes stability and reduces the possibility of the device to tip forward when being loaded. The base leg
holes will be tapped with a 3/8 inch, 16 thread per inch tap to receive bolts.

Figure 40. CAD model of Base Leg

31

5.5.2 Structural Analysis and Results
Maximum Base Leg Deflection
The device is designed to safely sustain a maximum user weight of 430lbs. Considering Ms. Landeen’s
weight, a safety factor of 2.5 is achieved. The prototype C-channel was tested with a user weight of 230lbs,
this produced a maximum deflection of about 1 inch. When calculating the max deflection of the thicker
flat bar material for the base legs as seen in Appendix G, a user weight of 430lbs was used yielding a
deflection .16 inches. This deflection calculation was performed using a point load which is overly
conservative considering that the actual load is distributed over a combined surface area of about 4 square
inches. This justifies that the 1/2 inch flat bar should not significantly deflect under the design loads
specified for this project.
Bolt Shear Analysis
With stronger materials being used in the final design, the main issue prompting device failure at this point
is the possibility for overloading and shearing the bolts, specifically, the fastener that connects the upright
support to the horizontal members. This bolt is thought of being the weakest point of the structure since a
majority of the actuation force is in the forward direction resulting in a shear load of the bolt. To prove that
the bolt would support the loads, hand calculations were performed and can be seen in Appendix G. With
a bolt shank diameter of 3/8 inches and a length 4-1/2 inches made from steel the resulting shear calculations
provided a safety factor of about 12.75. With such a high safety factor, bolt shearing should not be an issue
in the final design.
Bushing Analysis
A bushing pressure analysis was also performed and can be seen in Appendix G. It was found that using an
SAE 660 bronze bushing for the same pivot point as the above bolt shear calculation, that an overall safety
factor of 1.66 was calculated for the bushing based on pressure. The bushing life was calculated to be
around 919.7 hours with lubrication, this translates to about 110,000 cycles of use. With these results it can
be confirmed that wear of the bushing should also not be an issue for this project.
5.5.3 Cost Analysis
The entire device is predicted to cost $820.92 at its current design state to fully assemble. Table 4 lists all
the equipment needed for the project and their costs. Green highlighted cells show already purchased
materials while the white boxes represent products that still need to be purchased. Appendix F is available
to see the full detailed indented bill of materials.
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Table 4. Cost Analysis of Final Design
Final Design Costs
Component

Description

Linear Actuator

PA-17 Heavy Duty Actuator

Control Box

PA-31 Dual Remote Control Box

Actuator Mounting
Bracket

BRK-17 Heavy Duty Aluminum base

Power Supply

100-120 VAC-12VDC-20A

Base Legs
Flat Bar (steel): 2"W x 5/8"H x 72"L x 1/4"T
Upright Support
Square Tubing(steel): 2"W x 2"H x 12"L x .12"T
Post
Horizontal
Flat Bar (steel): 2"W x 36"L x 1/8"T
Members
Actuator Bracket
Flat Bar (steel): 3"W x 36"L x 3/16"T
Mount
Base Bracket
Angle Iron(Steel): 2-1/2 "W x 2-1/2"H x 36"L x 3/16"T
Axle Interface
Square Sheet (UHMW) 12”W x 12”H x 1/2”T
Plates
Fasteners and Misc.
Nuts, Bolts, Washers, Powder Coat, Misc, etc.

Supplier
Progressive
Automations
Progressive
Automations
Progressive
Automations
Progressive
Automations
McMaster Carr

Part Stock
Qty. Price
1 305.00
1

85.99

1

23.99

1

99.50

2

51.12

McMaster Carr

1

15.54

Home Depot

1

6.99

Home Depot

1

17.64

McMaster Carr

1

17.59

McMaster Carr

1

32.88

McMaster Carr

1 148.76
Total 805.79

Appendix H has all material products that need to be purchased as well as a website linked to the part.
5.5.4 Safety, Maintenance, and Repair Considerations
Since the user will be suspended in the air with their tires removed, safety and stability are of upmost
importance. A complete safety breakdown can be seen in the Failure Mode and Effects Analysis sheet in
Appendix E. One safety concern is the user tipping with the wheel removed and falling to the ground, the
final design combats this issue by having a wide base and a wide axle interface. Testing with the structural
prototype found the device to feel completely stable during a routine tire change. Any erratic or sudden
movements did not greatly affect the overall stability of the device. Another concern is pinch points, if the
user gets their fingers between the moving parts the actuator will not stop and could possibly cause bodily
injury. The speed at which the actuator operates, however, is slow enough that a pinching hazard is unlikely.
Since the device will be electrically powered, electric shock is another concern. To minimize exposure to
electric shock, heat sink tubing will be wrapped on exposed wires. The wire gauge of the harness will also
be increased from 16 to 14 gauge to avoid wire failure due to high current flowing through them. Rubber
grommets will be installed where necessary to allow the wires to pass through holes and prevent wire
stripping or fraying.
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Maintenance for the device has been designed to be minimal. The linear actuator is a self-contained device
that will only be used minimally and should require no maintenance. One component that would require
monitoring are the bushings located inside the upright support post. Since bushings eventually wear down
with use, slop in the pivot may be introduced and can cause instability of the device. If the bushings were
to fail, the bolt would be forced to ride on the upright support post. This is not considered a catastrophic
failure of the device, but it can affect the smoothness of operation. If the user observes extra slop or
squeaking between the horizontal member and the upright support post the bushings should be checked and
replaced as necessary. However, based on the bushing life calculations, wear should not be any issue but it
is recommended to maintain lubrication on the bushing.

6. Manufacturing Plan
After the structural prototype has been tested and the final design of the actuator powered wheelchair lift
completed, manufacturing of the final prototype began. Manufacturing of the final prototype was scheduled
to begin as soon as all the material needed were purchased.
6.1 Procurement
Materials needed to build the final prototype can be separated into two categories: raw materials for the
frame and base assembly and the actuation components consisting of the linear actuator and its accessories.
The majority of the materials will include raw steel stock of various cross sections and the components
purchased from Progressive Automations.
6.1.1 Raw Materials
Raw building material is to be procured from McMaster-Carr and Home Depot. The raw building material
includes:
1) McMaster-Carr
a) Base Legs ………………………………Flat Bar (Steel): 2"W x 72"L x 1/2"T
b) Upright Support Post …………………...Square Tubing(Steel): 2"W x 2"H x 12"L x .12"T
c) Base Bracket …………………………...Angle Iron(Steel): 2-1/2 "W x 2-1/2"H x 36"L x 3/16"T
d) Actuator Bracket Mounting Plate ……...Flat Bar (Steel): 3"W x 36"L x 3/16"T
e) Axle Interface ………………………….Square sheet (UHMW): 12"W x 12"H x 1/2" T
2) Home Depot
a) Horizontal Member …………………….Flat Bar (Steel): 2"W x 36"L x 1/8"T
6.1.2 Linear Actuator and Accessories
As mentioned above, the linear actuator and accessories were purchased from Progressive Automations
located in British Columbia, Canada. Progressive Automations also offered a heavy duty mounting bracket.
Along with the heavy-duty PA-17 linear actuator and mounting bracket, the PA-31, 20-amp control box
with wireless remote controls was purchased to control the actuator. Currently for testing purposes, the
control box is powered by a 12-volt, 10-amp battery charger. To finalize the design a plug in power source
sold from Progressive Automations that outputs 12-volt DC, 20-amp needs to be purchased. Full product
information can be seen in the purchased part details in Appendix I.
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The entire Indented Bill of Materials including detailed drawings, assembly levels, vendors, quantity, and
cost can be seen in Appendix F.
6.2 Manufacturing
After purchasing all the materials, manufacturing of the final design began. First, the steel parts were all
rough cut using the metal chop saw or the weighted horizontal band saw then squared and faced to size
using the mill at the Cal Poly Machine Shops. The manufacturing details and processes pertaining to each
individual part is outlined in the following sections.
6.2.1 Hole Drilling and Positioning
Once the parts are squared, the holes needed to be drilled as precisely as possible. By using the mill to
center and drill the holes, all parts should fit together without the clearance issues found in the structural
prototype. After each part was secured in the mill vice, an edge-finder tool was used to zero the mill on the
edge of the material. This zero was then used as a reference to keep all the holes centered and aligned. The
holes were then drilled using a carbide drill bit mounted in the mill drill chuck.
6.2.2 Base Legs
The base legs (Part # 1101), once drilled, need to then be tapped to allow for the 3/8 inch bolts to thread
into each hole for assembly of the device. First, the six foot stock piece of half inch flat bar was cut to
dimension of 24 and 1/2 inches using the weighted horizontal band saw seen in Figure 41.

Figure 41. Rough cutting base legs to size using horizontal band saw
Then, the part was placed in a vice on a mill. One edge was faced in order to obtain a clean reference
surface. After establishing the reference surface, the hole locations were established using the digital read
out (DRO) on the mill and center drilling all hole locations as detailed in the drawing package (Appendix
F). Then a 5/16 inch drill bit was used to the cut holes through the part seen in Figure 42.
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Figure 42. Drilling base legs with Bridgeport Mill
Each hole was threaded using a 3/8 – 16 inch tap to receive the 3/8 -16 bolt, as seen in Figure 43. Cutting
the threads was a slow process due to the thickness of the steel. This process was done carefully to ensure
that the threads would correctly align to prevent unwanted binding between mating parts.

Figure 43. Tapping Base Legs (left) with the 3/8 – 16 tap. 3/8 inch bolt threaded into the base leg (Right)
6.2.3 Axle Interface
The most intricate part of the device is the plastic axle interface (Part # 1108-1110) made out of a 12 inch
x 24 inch x 1/4 inch sheet of UHMW. By taking the SolidWorks drawing of the axle interface and exporting
it to Adobe Illustrator, the Cal Poly Machine Shop’s laser cutter seen in Figure 44 was used to cut out two
matching sets of the axle interface.

36

Figure 44. Cal Poly's PLS6.150D laser cutter
However, due to physical nature of the UHMW, some difficulty was encountered when trying to cut each
part. The laser cutter proved ineffective at fully penetrating the material and ultimately cutting out the
desired shapes. The high heat produced by the laser cutter began to melt and warp the UHMW producing
an unacceptable finish for each interface as seen in Figure 45.

Figure 45. First batch of unsuccessful Axle Interface
For these reasons, it was decided to have the axle interfaces cut using the water jet at the Cal Poly Product
Fabrication Laboratory. The processes consisted of creating and uploading a .dxf file of the part to the water
jet, then positioning and fixing the UHMW into place as seen in Figure 46. A second batch of axle interfaces
were then cut and fitted for mock up.
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Figure 46. UHMW sheet fixtured to the water jet for cutting
The mock-up of the second batch of axle interfaces, brought to attention a possible buckling issue with the
tall tab of the interface. It was decided a thicker sheet of UHMW (1/2”) would be purchased to ensure that
the axle interface stiffness is sufficient enough to prevent buckling if subjected to a vertical load.
Additionally, since the wheel chair provided by QL+ for testing is slightly different than that of Ms.
Landeen’s, various axle interface versions were created as seen below in Figure 47 . This also gives Ms.
Landeen options as well as spare interfaces should she ever need to exchange or replace them.

Figure 47. Three variations of the axle interface with the different size front and back tabs.

6.2.4 Horizontal Member
The two horizontal members (Part # 1107) required for this project were cut to rough length using the metal
cutting chop saw located in the Mustang ’60 Machine Shop as seen in Figure 48.
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Figure 48. Cutting Horizontal Members to rough length
After cutting to rough length, one edge of the stock piece was faced and milled to the final length of 14
inches. The holes were then drilled into the horizontal member using the Bridgeport Mill at the Mustang
’60 Machine Shop as seen in Figure 49.

Figure 49. Machining holes in the horizontal member using Bridgeport Mill in Mustang ’60
A semi-circle was then ground around the hole that connects the horizontal member to the Upright Support.
A jig was constructed using a piece of plywood and a 3/8 in bolt to act as the pivot point for the radius. This
jig can be seen in Figure 50 as well as the grinding of the horizontal member.
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Figure 50. Grinding radius on horizontal member using disk sander at Aero Hangar
Figure 51 shows the ground radius of the horizontal member compared to that of the unground square edge
seen on the left. Grinding this radius took approximately 30 minutes and was the final process required to
complete the horizontal members.

Figure 51. Horizontal member before (left) and after (right) grinding radius
6.2.5 Upright Support
The upright support (Part # 1106) required the 2x2 inch stock square tubing to be rough cut to 12 inches
using the horizontal band saw. After being cut to size one end of the upright support was faced using the
Bridgeport end mill. The mill’s edge finder and the system’s DRO were used to drill 3/8 inch holes to
connect the upright support to the base of the device. A ½ inch through hole was then drilled and bronze
bushings pressed into place as seen in Figure 52. These bushings would allow for the smooth rotation of
the 3/8 inch bolt as the horizontal members rotate past the upright support.
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Figure 52. Finished upright support with pressed bushings
6.2.6 Actuator Mounting Plate
The actuator mounting plate (Part # 1104) was manufactured similar to that of the horizontal members. This
component was created from 3 inch wide, 3/16 inch thick bar stock which was cut down to a rough length
of about 14 and ½ inches. The mill was then used to remove the remaining ½ inch and face the part to the
desired 14 inch length. The faced edge was then used as the zeroing surface to position and drill the 6 holes
on the part as seen in Figure 53.

Figure 53. Actuator mounting plate being drilled using the end mill for precise hole location
The four outer holes were drilled with a 3/8 inch diameter drill bit and would serve as the connecting points
between the two base legs and the actuator mounting plate. Two ½ inch holes were then drilled in the center
to allow the actuator mounting bracket to bolt to the center of the plate.
41

6.2.7 Base Brackets
The base brackets (Part # 1102-1103) were first rough cut to 14 inches using the horizontal band saw. Only
one edge of the bracket was able to be faced at a time requiring us to face one edge to 14 inches then rotate,
re-center, and face the second side. The L-bracket also required a special wooden spacer seen in Figure 54
to keep it from bending when drilling holes.

Figure 54. Edge finder being used to set the zero for hole positioning
Once the holes were cut and deburred, the sharp edges on the brackets were ground down by hand seen in
Figure 55 (Left). This was done by copying the desired pattern onto the metal using a card board template
then using the vertical belt sander to remove the necessary material. The finished rounded edges can be
seen on the assembled device in Figure 55 (right).

Figure 55. Grinding sharp edges off of base brackets before and after
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6.2.8 Spacer
With all the main structural components completed, the final part to manufacture were the actuator spacers
(Part # 1220-1221). These spacers are crucial to preventing slop and unwanted movement between the
horizontal members and the upper mounting point on the actuator. The stock consisted of 1/2 inch diameter
1/16 inch thick plain steel tubing. The tubing was cut to lengths of 1-1/2 inches and deburred with a Dremel
tool. Additional spacers were created for the spacing of additional axle interfaces if desired by the user.
6.2.9 Finishing Procedures
Once all the individual structural components of the final prototype were manufactured the device was fully
assembled. To ensure maximum stability, 2 inch square blocks were cut from the remaining base leg
material and welded beneath the device as seen in Figure 56. These square blocks allow the device to
distribute the downward loading over a greater surface area, which in turn prevents components such as the
actuator mounting plate and the base bracket from bending. With this process finished the full frame
assembly was complete leaving only minor modifications to be completed.

Figure 56. Position of the welded 2 inch square blocks underneath the device
With the frame complete, additions such as the kill switch and wire installation were then performed. The
installation of the device’s kill switch requires that a 1/2 inch hole be drilled into the upright support. The
location chosen for this kill switch was towards the top rear edge of the upright support as seen in Figure
57.
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Figure 57. Location of the power kill switch on the rear edge of the upright support.
This ensures that if needed, the user could reach back and disarm the device by flicking the switch to the
off position. Installation of this switch also requires that the wiring for the control box and linear actuator
be routed up through the upright support. In order to accomplish this, holes were drilled in both base
brackets to allow for passage of the wiring seen in Figure 58.

Figure 58. Holes drilled for passage of the power supply and linear actuator wiring.
The last step to finishing the prototype was to fully disassemble the device for surface finishing. The frame
parts were sent to Central Coast Powder Coating to be sand blasted and powder coated. The color selected
for the frame was a semi-gloss black powder coat. Powder coating was selected for the frame finish due to
its high durability and relatively low cost. This finish would ensure that the device parts would not rust if
exposed to any type of moisture. The color and finish of the powder coating can be seen in Figure 59.
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Figure 59. Layout of the device components powder coated in semi-gloss black.
6.3 Assembly
This device needs to be shipped across the country to Maine and therefore needs to be as compact and light
weight as possible to reduce shipping costs. The product will be shipped fully assembled, however, both
disassembly and reassembly need to be simple and require as little tools as possible. By design, the user
only needs a 3/8 inch and 1/2 inch socket wrench as well as a 5/16 inch hex key to assemble the entire
product. Full assembly instructions can be seen in the in the “Out of the Box” section of the User/Operator’s
Manual seen in Appendix K.
As learned from the structural prototype, the assembly process needs to be in a specific order to fit all the
parts of final device together. First, the bottom frame is assembled by fastening the base brackets and the
actuator bracket mounting plate to the base legs. The upright sub assembly is then assembled by bolting the
two horizontal members to the steel square upright support. These two assemblies are then brought together,
aligned, and bolted to each other.
Once the upright support post is connected to the base brackets, the actuator mounting bracket can be bolted
on. The non-extending part of the actuator is then bolted to the actuator mounting bracket. The axle interface
can then be attached to the outside of the horizontal members. The bolt going through the front of the
horizontal members is then attached to the extending end of the linear actuator. An exploded view of the
device and its components can be seen in the drawing package included in Appendix F.

7. Design Verification Plan
In order to verify the final wheelchair lift design and its functionality, testing protocols were designed and
scheduled to be completed prior to submission of the final product. These protocols have been developed
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to ensure that each of the project specifications are met. The complete detailed list of the scheduled test
descriptions and protocols can be seen in Table 5.
Table 5. Design Verification Plan

Design Verification Test Plan
Item
No

Specification

TIMING

Type

Start date

Finish date

1

sys

4/24/2018

5/8/2018

30 ±5 seconds

Spencer

SP

1

sys

4/12/2018

4/13/2018

300lbs

Martin

SP

1

c

5/8/2018

5/10/2018

Have users attempt to use the device
and record their recommendations.

Easy to Use

Team

FP

1

sys

4/17/2018

5/15/2018

Device
Footprint

Measure device dimensions and
minimalizing space the device takes
up.

2.5x3 feet

Vincent

FP

1

sys

5/17/2018

5/17/2018

Material

When running the device at full load
examine deflections of all parts

low cost, high
strength

Spencer

FP

1

sys

5/3/2018

5/8/2018

Stability

Test all motions that an average user
would make for a wheelchair tire
change. Make sure no tipping occurs
under the most extreme positions.

No Tipping at
extreme
conditions

Spencer

FP

1

sys

5/3/2018

5/8/2018

Twisting

Test different axle interface designs to
find which design limits twisting of the
wheelchair when in the air.

Wheelchair
stays straight
when lifted

Martin

FP

1

sys

5/8/2018

5/15/2018

Aligning
Wheelchair

Test how much effort is needed to
align the wheelchair with the axle
interface/interface when backing into
the device.

<5 seconds to
fully align

Vincent

FP

1

sys

5/8/2018

5/17/2018

Wire Harness
Temperature

Take temperature of wires and control
box to make sure no damage occurs to
device. If temperatures are too high
wire gauge thickness needs to be
increased

<150 F

Vincent

FP

1

c

---

---

Duty Cycle
Testing

If batteries are chosen for the design
the number of cycles from full charge
to no charge will be completed to see
how many cycles can be done on one
charge

Charge <once
a week

Martin

FP

1

c

---

---

Current Draw

Check the current draw of the actuator
at full load with an ammeter to see if
wire gauge thickness needs to be
increased

<20 amps

Martin

FP

1

sys

4/12/2018

4/12/2018

Time

Time how long it takes the device to
lift, change tires and put back on the
ground.

Lifting Force

Calculate max lifting force of the
device aiming for a max user weight of
300 lb.

Ease of use

8

10

11

12

SAMPLES
TESTED
Quantity

7

9

Test
Stage
FP

3

6

Test
Responsibility

Spencer

Trying to keep weight to a minimum.
Remove as much material as possible
until the device's structural integrity is
compromised.

2

5

Acceptance
Criteria
40lb

Weight
1

4

Test Description

*FP = Final Prototype, SP = Structural Prototype, SYS = System, C = Component
7.1 Critical Device Testing
7.1.1 Device Weight Optimization
The goal of this testing was to make the device as light as possible while keeping the integrity of the
structure intact. The device needed to be lightweight so that it may be easily transported within the user’s
home while fully assembled. To reduce weight, material was removed from areas that are not critical to the
integrity of the device. A decent amount of weight was removed by shortening the base legs about a foot
so that they each span a length of about 24 inches. The current design in SolidWorks specifies that the
device weighed about 49.4lbs which is 4.4lbs over the specified maximum weight requirement. It was found
that in order to maintain the structural integrity of the device, reduction of device material was not possible.
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To the contrary, additional material was added to the device in the form of 2x2 inch steel blocks in order to
better distribute the loading. This along with the overall thickened material of each device part produced a
final product weighing 49.4 pounds.
7.1.2 Evaluation of Device Operating Time
The desired goal for the time for the full operation of the device is stated on the specifications sheet to be
30 seconds with a tolerance of ±5 seconds. When simulated with multiple users the total time of operation
of the device from start to finish is on average 31.73 seconds which falls within the specified requirements
of 30 ±5 seconds. This includes the full tire changing process, from when the user backs into the device, to
when the user completes the tire change and leaves the device. Individual times of each sub-process were
also recorded. On average the time it takes the user to successfully back into the device is about 6.6 seconds.
The time it took for the user to then lift the wheelchair off the ground was about 5.2 seconds. The process
that took the longest was the actual physical changing of the wheelchair tires which ranged from 12 seconds
to 20 seconds depending on the user’s familiarity with removing and reattaching the tires. The tire changing
process on average took 16 seconds. Finally, the last process timed was the time it took the user to lower
the wheelchair and leave the device which averaged out to a time of 4.1 seconds. The raw data for this test
can be seen in Appendix G.
7.1.3 Max load and deflection testing
One of the main issues of concern with the final prototype was the deflection issue seen by the structural
prototype. With deflections as big as one inch seen with the c-channel at a fraction of the full load, it was
important to verify that increasing the base leg thickness would reduce the deflection to an acceptable
amount. To test this, the device was operated with various weights ranging from 178lbs to a max weight of
448lbs and measured using a digital caliper as seen Figure 60. The maximum deflection seen at this
excessive loading was found to be 0.225 inches, which is acceptable consider the user would weigh at most
about half of this weight. At a load of 247 lbs, the device deflected 0.154 inches which is close to the
calculated deflection of 0.16 inches. With these results, we are confident that the device can easily maintain
the user’s weight without any issues. The full data sheet of the deflection testing can be seen in Test 3 of
Appendix G.

Figure 60. Deflection of the device being measured using a digital caliper.
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7.1.4 Verification of stability and ease of use
In order to assess the ease of use for the final design, surveys were held where the general public used the
device and gave their opinions on the final design. Some criteria that was assessed include: overall ease of
use, user perception of safety, aesthetic appeal, ease of assembly, and overall time duration of the tire
changing process. Conducting these surveys helped to gain the general perception of public towards the
device as well as address possible factors that were overlooked by the project team members. The majority
of the feedback was that the device felt safe and stable to use. As seen in Figure 61 many people had issues
with aligning the wheelchair so that it was centered with respect to the axle interfaces. A simple but effective
solution for this is to lay down “lanes” made of tape so that the user would be able to follow with the rear
tires without having to turn and look back. Other than the minor alignment issue, the overall consensus of
the device was that it was stable and easy to use. All user feedback can be seen in the ease of use testing
section (Test 4) in Appendix G.

Figure 61. Test user having alignment issues.
7.1.5 Required Current Draw Testing
If batteries were to be used as an alternate power source, analysis on the amperage the actuator draws at the
maximum design load of 300lbs must be performed. To test the amperage draw, a multi-meter was used as
seen in Figure 62 to measure the current draw of the system. With this information, it was determined that
batteries could be a viable option to power the system. However, it was decided that the more reliable power
source was the recommended power supply sold by Progressive Automations. Testing concluded that the
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actuator drew a maximum of 6.6 amps at maximum load and can be seen in test 9 located in Appendix G.
The maximum current draw for a single lead-acid batteries is 5 amps which would not be viable for the
device. In order to meet the required amperage draw, multiple batteries would have to be wired together.
This would require creating a battery pack for the user that would have to be charged regularly. It because
of the possibility for introducing complications that the more viable option is the plug in power supply.
Should this project be pursued in the future, it is recommended that more research be conducted on
integrating both a plug in power supply and some sort of back up battery source.

Figure 62. Picture of multi-meter used for current draw testing of the device.

8. Project Management
Table 6 is a summary of who oversees which parts of the project. This table includes deliverables, and their
expected date of completion. A detailed timeline can be found in the Gantt chart in Appendix J.
Table 6. Time Table of Key Deliverables
Deliverable

Due Date

Lead

Preliminary Design Review

November 17, 2017

Vincent Aguilar

Critical Design Review

February 6, 2018

Spencer Solano

Final Design Report

May 7, 2018

Martin Perez-Guzman

Senior Project Expo

June 1, 2018

Martin Perez-Guzman
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8.1 Overall Design Process
After the problem statement needs and requirements were established, the design process continued with
research and benchmarking of current designs and products that offered a similar solution to the desired
problem. Benchmarking takes into consideration the current iterations of the solution and tests their
effectiveness to meet the users specified needs. Ideas and concepts that posed little to no benefit to the
problem solution were noted for reference and avoided in the proceeding product designs. Those features
and concepts that did pose beneficial to the overall solution were also noted for further use in ideation and
concept models.
From this information, as stated previously, the QFD was then constructed to better organize the concepts
and specific characteristics and compared their relevance to the problem statement. Idea generation sessions
were then completed based on the information gathered from the QFD process. From these multiple ideas,
an evaluation was made to select the best ideas to make into concept models and simple prototypes. Once
the simple concept models were made, further design analysis took place to establish whether the prototypes
constructed were sufficient enough to meet the project needs. With this information, a scale model of the
preliminary pull down design was made from wooden linkages. To continue with the project, force analysis
was performed to select the proper material needed to construct the linkage system. Project unknowns were
then addressed prompting a design change. This design change consisted of replacing the pull down
actuation system with an electric linear actuator. These changes were verified and preferred by Ms. Landeen
for continuation of the project.
A structural prototype of the newer design was then constructed and analyzed with purchased materials.
Issues were found and more analysis was conducted to ensure that the final design remained within the
allowable effectiveness of meeting the project requirements. With the structural prototype analysis
completed, manufacturing of the final product began following procurement of the newly specified final
building materials. With the manufacturing of the final prototype complete, testing was performed to
evaluate the prototypes effectiveness to me the project requirements.
8.2 Unique Techniques/Testing
As stated above in the Design Verification Plan, testing pertaining to the final designs overall function and
ability to meet the project requirements will be performed. This included material stiffness and bolt strength
analysis.
Each individual part of the final product will be constructed and fully examined prior to assembly of the
final product. With each part modeled in SolidWorks, details such as machining tolerance fits and
hole/thread call outs are specified and altered as needed to adapt to any physical changes made throughout
the course of the project.

9. Conclusion
Based on the information provided from an interview with the challenger, Ms. Landeen, a detailed needs
list and problem statement was constructed outlining the overall requirements of the project. The purpose
of the document is to specify the project scope, elaborate on the details pertaining to what this design will
provide for the challenger, explain the ideation process performed, provide details on the final concept and
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final prototype designs, as well as provide information on the future of the project. The final product
consists of a device that does not alter or damage Ms. Landeen’s Panthera X wheelchair while providing
the necessary lift height to allow her to exchange her rear wheelchair tires. This device comes with a user
manual outlining all steps necessary to safely assemble, operate, and maintain the chair lift, this can be seen
in Appendix K.
9.1 Future Recommendations
If this project is to be revisited in the future some recommendations and suggestions for improving the
design are listed below. Some of these recommendations were not specified as part of the scope of this
project due to time restrictions.
9.1.1 Battery Source
After the current draw test was completed, it was determined that the maximum current consumption under
maximum load was 6.6 amps. Research on sizing a battery that is able to provide the necessary power for
the device was performed but not acted on due to the time constrictions and complexities associated with
creating a battery pack. Some research into implementing RC car batteries such as the one seen below in
Figure 63 for a compact, easily interchangeable and chargeable power source.

Figure 63. RC car battery researched for the possibility of pursuing a wireless chairlift.
9.1.2 Thicker Washers
Currently the device’s 0.05 inch thick washers are not thick enough to prevent the 1 inch bolt from
protruding from underneath base legs, resulting in an imbalance of the device. To solve this problem, two
washers were stacked and installed one on top of the other in order to elevate the bolt so that the shaft would
no longer protrude from underneath. It is recommended to purchase taller washers (0.1 inch) should this
device be reproduced in the future.
9.1.3 Bracing
Possible areas of improvement for device include reducing the deflection seen at the rear of the base legs
when subjected to loading. This problem was encountered in the structural prototype and reduced in the
final prototype by increasing the base leg thickness. This solution proved effective at reducing the base leg
deflection, however, this dramatically increased the overall weight of the device. It is suggested that some
sort of bracing be implemented between the upright support and the base legs in hope that this would allow
for a lighter weight material to be used for the base legs, reducing the overall weight of the device. This
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solution was attempted as seen in Figure 64, however proved ineffective. It is believed that the placement
of the diagonal member as shown, between the upright support and actuator mounting bracket, fails to
lessen the horizontal force component creating the large moment that results in the base leg deflection. It
was suggested that the lower mounting point of this diagonal support be moved such that it would align
with the base leg. This support would then be mirrored on the other side of the upright support to provide
adequate and evenly distributed support. It is recommended to research this issue further by performing an
FEA analysis of the device to gain a better understanding of the device behavior under loading.

Figure 64. Attempt at eliminating the base leg deflection with diagonal bracing.
9.1.4 Tire Storage
A useful addition to the final prototype, that was not included in the scope of this project, was a tire storage
device. Ideally, this tire storage device would be an attachment for the final prototype and allow the user to
hang the alternate wheelchair tires on the device until they are ready to perform the tire swap. Possible
points of attachment could be the base itself or an insert that would slip into the square upright support
tubing. Another possibility is to have a separate rack mechanism that would be free standing apart from the
final prototype itself. As of now, the challenger will store the alternate tires within reach of the device. This
seems to be the most viable option without modifying or adding weigh to the current device.
9.1.5 Wheelchair Positioning Guide
The results from the ease of use and alignment testing brought to attention the possibility for user difficulty
while aligning the wheelchair with the device prior to use. Initially, this was factored into the design with
the lengthy base legs which would act as guides to keep the wheelchair aligned with the device. With
deflection becoming an issue, it was decided to compromise with the shorter base legs in order to thicken
the material and reduce deflection. Priority was given to the deflection issue for safety reasons, as far as the
alignment issue, multiple solutions could be implemented. Something as simple as tape guide lanes on the
floor in front of the device would prove sufficient to help guide the user into place. An alternative solution
could be to attach a mirror to the device so that the user has a full visual of the axle and the axle interface
as they approach the device.
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- QFD House of Quality
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Appendix B

- Decision “Pugh” Matrix
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Appendix C

- Preliminary Analysis

Objective:
This calculation will show the preliminary design for the forces that will be required to actuate the device.
Schematic:

Assumptions:
The system is static. All forces and moments sum to zero.
Analysis:
Begin with the free body diagram of link ABC and taking a moment around point B
∑ 𝑀𝐵 = 0
−𝐶𝑦 𝐿2 − 𝐹𝑖𝑛 𝐿1 = 0
𝐶𝑦 = −𝐹𝑖𝑛

𝐿1
𝐿2

(1)

Free body diagram of link CD and summing forces in the y-direction

C-1

∑ 𝐹𝑦 = 0
−𝐶𝑦 + 𝐷𝑦 = 0
𝐶𝑦 = 𝐷𝑦

(2)

Free body diagram of link EDG and take a moment around point E.
∑ 𝑀𝐸 = 0
−𝑊(𝐿5 + 𝐿6 ) − 𝐷𝑦 𝐿5 = 0
𝐷𝑦 = −

𝑊(𝐿5 + 𝐿6 )
𝐿5

(3)

Equation (1)
𝐶𝑦 = −𝐹𝑖𝑛

𝐿1
𝐿2

(1)

Substitute into equation (2) yields,
−𝐹𝑖𝑛

𝐿1
= 𝐷𝑦
𝐿2

Substituting into equation (3) results in the final force input, 𝐹𝑖𝑛 , to the required lift weight, 𝑊.
−𝐹𝑖𝑛
𝐹𝑖𝑛

𝐿1
𝑊(𝐿5 + 𝐿6 )
=−
𝐿2
𝐿5
𝐿1 𝑊(𝐿5 + 𝐿6 )
=
𝐿2
𝐿5

𝐹𝑖𝑛 =

𝐿2 (𝐿5 + 𝐿6 )
𝑊
𝐿1 𝐿5

C-2

C-3

C-4

Appendix D

- Concept Layout Drawings
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Appendix E – Safety Hazard Checklist
DESIGN HAZARD CHECKLIST
Team: Wheelchair Tire Change__________________ Advisor: Harding______ Date: 11/9/2017____
Y
N
  1. Will the system include hazardous revolving, running, rolling, or mixing actions?
  2. Will the system include hazardous reciprocating, shearing, punching, pressing, squeezing,
drawing, or cutting actions?
  3. Will any part of the design undergo high accelerations/decelerations?
  4. Will the system have any large (>5 kg) moving masses or large (>250 N) forces?
  5. Could the system produce a projectile?
  6. Could the system fall (due to gravity), creating injury?
  7. Will a user be exposed to overhanging weights as part of the design?
  8. Will the system have any burrs, sharp edges, shear points, or pinch points?
  9. Will any part of the electrical systems not be grounded?
  10. Will there be any large batteries (over 30 V)?
  11. Will there be any exposed electrical connections in the system (over 40 V)?
  12. Will there be any stored energy in the system such as flywheels, hanging weights or
pressurized fluids/gases?
  13. Will there be any explosive or flammable liquids, gases, or small particle fuel as part of
the system?
  14. Will the user be required to exert any abnormal effort or experience any abnormal
physical posture during the use of the design?
  15. Will there be any materials known to be hazardous to humans involved in either the
design or its manufacturing?
  16. Could the system generate high levels (>90 dBA) of noise?
  17. Will the device/system be exposed to extreme environmental conditions such as fog,
humidity, or cold/high temperatures, during normal use?
  18. Is it possible for the system to be used in an unsafe manner?
  19. For powered systems, is there an emergency stop button?
  20. Will there be any other potential hazards not listed above? If yes, please explain on
reverse.
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For any “Y” responses, add (1) a complete description, (2) a list of corrective actions to be taken, and (3)
date to be completed on the reverse side.
Description of Hazard

Planned Corrective Action

Planned Date

The mass that is planned to be
lifted includes the full weight of
the person and wheelchair. The
large force used in the mechanism
is the weight of the person.

Increase the stability of the device. Size
components to withstand large forces.

2/6

The system can be prone to tipping
if misused.

Create a device with a wide base and low
center of gravity to minimize tipping
hazard.

2/6

The system will include possible
pinch points due to pin joints.

The pinch points can be avoided by
protective guards or shrouds

2/6

The system may be misused if
operated incorrectly, i.e. lifting
objects other than its intended use,
sporadic movements, etc.

Designing a device to reduce the
possibilities for uses other than what the
device is intended for.

2/6
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e
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Appendix H
Progressive Automations:
Planned
Part
Part
Purchases
Linear
PA-17
Actuator
Heavy
Duty
Actuator
Control
12 VDC
Box
Control
Box - 1
Channel 20A Wireless
Remote
Mounting HeavyBracket
Duty
Mounting
Bracket
for PA17, PA13
Power
Power
Supply
Supply 100-120
VAC - 12
VDC 20A IP67
Total
-

Vendor
Progressive
Automations

– Budget and Procurement List

Website

Part
Number
https://www.progressiveautomations.com/heavy- PA-17
duty-linear-actuator

Quantity

Price

1

305.00

Progressive
Automations

https://www.progressiveautomations.com/pa-31

PA-31

1

85.99

Progressive
Automations

https://www.progressiveautomations.com/brk-17

BRK-17

1

23.99

Progressive
Automations

https://www.progressiveautomations.com/ps-2012-67

PS-2012-67

1

99.50

-

-

-

4

514.48
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McMaster Carr:
Planned Part Purchases
Part
Base
Flat Bar
Leg
(Steel): 2"W x 72"L
x 1/2"T
Upright
Square
Support
Tubing(Steel): 2"W
x 2"H x 12"L x .12"T
Base
Angle Iron(Steel): 2-1/2
Bracket
"W x 2-1/2"H x 36"L
x 3/16"T
Axle
Square sheet
Interface (UHMW): 12"W x 12"H
x 1/4" T
Frame
Steel hex bolt (3/8" x 3Bolts A
1/2" x 16*)
Frame
Steel hex bolt (3/8" x 3" x
Bolts B
16*)
Base
Steel (3/8" x 1" x16*)
Bolts
Spacers
Steel 1/2" Dia Round
Stock
Washers Stainless Steel 18-8
(3/8")
Nuts
Steel Nylon Locknut 3/8"
- 16
Bushings 2X 3/8"Dx
1/2"ODx1/4"L
Total
-

Vendor

Website

McMaster https://www.mcmaster.com/#catalog/124/3795/=1bhmnkh
Carr

Part
Number
8910K949

Stock
Price
Quantity
1
51.12

McMaster https://www.mcmaster.com/#catalog/124/3800/=1bhmrs3
Carr

6527K384

1

15.54

McMaster https://www.mcmaster.com/#catalog/124/3803/=1bhmrxz
Carr

9017K224

1

17.59

McMaster https://www.mcmaster.com/#catalog/124/3729/=1bhms8e
Carr

4296A27

1

13.61

McMaster
Carr
McMaster
Carr
McMaster
Carr
McMaster
Carr
McMaster
Carr
McMaster
Carr
McMaster
Carr
-

https://www.mcmaster.com/#catalog/124/3217/=1bhmse2

92865A638

1

5.92

https://www.mcmaster.com/#catalog/124/3217/=1bhmsir

92865A636

1

5.18

https://www.mcmaster.com/#catalog/124/3216/=1bhmsnw 92865A624

1

9.37

https://www.mcmaster.com/#catalog/124/3807/=1bhmstm

8290T16

1

5.41

https://www.mcmaster.com/#catalog/124/3310/=1bhmt0b

92141A031

1

5.34

https://www.mcmaster.com/#catalog/124/3286/=1bhmt63

95615A140

1

8.97

https://www.mcmaster.com/#catalog/124/1228/=1bhmtae

7815K21

1

8.76

-

11

146.81

-
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Home Depot:
Planned Part
Horizontal
Member
Actuator
Mounting Plate
Power Supply
Mounting Plate
Total

Part Purchases

Vendor

Website

Flat Bar
(Steel): 2"W
x 36"L x 1/8"T
Flat Bar
(Steel): 3"W
x 36"L x 3/16"T
Flat Bar
(Steel): 3"W
x 36"L x 3/16"T
-

Home
Depot

https://www.homedepot.com/p/Everbilt-2-in-x-36-in-PlainSteel-Flat-Bar-with-1-8-in-Thick-801807/204225718

Home
Depot

https://www.homedepot.com/p/Everbilt-3-in-x-36-in-PlainSteel-Flat-Bar-800227/204325647

Home
Depot

https://www.homedepot.com/p/Everbilt-3-in-x-36-in-PlainSteel-Flat-Bar-800227/204325647

-

-

Part
Number
801807

Quantity Price
1

6.99

0000236-182

1

17.64

0000236-182

1

17.64

-

3

42.27

H-3

Appendix I

– Purchased Parts Details

Vendor Specification Sheets
Linear Actuator PA-17:

I-1

I-2

I-3

I-4

I-5

I-6

Heavy Duty Mounting Bracket:

I-7

Power Supply PS-20-12-67:

I-8

Appendix J

– Gantt Chart

J-1

J-2

Appendix K

– User Manual

This user’s manual includes instructions for product use and important safety
information. Read this section entirely including all safety warnings and
cautions before using the product.

WARNING: THE IMPROPER USE OF THIS DEVICE COULD RESULT IN INJURY.
POSSIBLE PINCH POINTS, KEEP HANDS CLEAR OF MOVING PARTS.
Important: This product is meant for use on a Panthera X wheelchair. Before using this product, the user
should be familiar with the operation and safety risks of the wheelchair lift.

Out of the Box
1. Ensure all bolts are tight after transporting lift.
2. Lift must be placed on sturdy flat ground for regular use.
K-1

3. Plug in power supply into regular 120 V home outlet and flip safety switch located on the base
upright to the on position as seen below.
4. The lift is now energized

Caution: While the device is energized any keypress on the wireless IR remote will activate the
device. Be sure to keep hands and body parts away while device is in use to avoid pinch points.
Using the Wheelchair Lift
An instructional video about using the wheelchair lift can be seen at the following URL:
www.youtube.com
1. Locate handheld wireless IR remote and place in an accessible location on the wheelchair or
person.

2. Use the two base legs to help align the wheelchair so the center of the axle is aligned with the
axle lifting interface. Reverse the wheelchair into the axle interface fully until the axle reaches the
end stop of the interface as seen below.
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3.

4.
5.
6.
7.

This procedure can take time to get correct, so it can be nice to have a bystander watching making
sure the wheelchair is properly aligned.
Once it is verified that the axle has correctly stopped over the interface, the up arrow on the
wireless IR remote can be pressed, thereby lifting the wheelchair in the air. The IR remote will
activate the linear actuator for as long as the button is pressed. Once the wheelchair has reached
desired height release the button on the keypad.
Remove the wheelchair tires one at a time by pressing the tire release button located in the center
of the rim of the tire. Replace the tires making sure they are fully locked into the axle.
Once each wheel is replaced and locked on the axle, the user can now begin the decent process.
The DOWN button on the IR remote can now be pressed lowering the user until they are firmly
on the ground.
Continue to press the DOWN button until the linear actuator bottoms out and comes to a full stop.
This will ensure that the user has enough clearance to roll out of the device.

Maintenance
o

Routine Cleaning and Upkeep
Should the device become dirty from extensive use, routine cleaning should be performed on a biweekly to monthly basis depending on usage conditions.
1. Ensure that device is in the lowered position.
2. Turn toggle power switch to the off position and unplug device prior to cleaning.
3. Clean with warm water and soap on a damp towel or rag.
DO NOT POUR OR SPRAY WATER OVER DEVICE.
This can cause electrical shorts within the system wiring and unwanted exposure to
moisture within the linear actuator.
4. Once all dirt and grime has been removed, wipe and dry device with a clean towel or rag.
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o

Bushing Maintenance
Should the point of rotation where the horizontal members attach to the upright support begin to
squeak or make any sort of noise, the brass bushings may need to be lubricated.
1. Locate the point of rotation where the two horizontal members attach to the upright
support.
2. Apply oil or some sort of lubricant to this point of rotation around the edges of the bolt.
3. Cycle the device 2-3 times to ensure that lubricant has penetrated into each of the two
bushings.
4. If squeaking or undesired noise continues, repeat Steps 2 and 3 as necessary.

o

o

Replacing A Worn Bushing
1. Make sure the device is switched off and the power cord unplugged.
2. Locate the bolt that secures the horizontal members to the upright support.
3. Using the tools provided, remove this bolt and lower the horizontal members in order to
expose the two brass bushings.
4. With a flat screwdriver, remove the busing by prying it out of its fixed position. Pliers
can also be used to grip the bushing if necessary.
5. With the worn bushings removed, the new ones can be pressed into place.
6. The bushings should enter the hole with minimal effort, if necessary a hammer or hard
surface can be used to tap the bushing into place.
The axle interface chips or breaks
1. Remove the damaged actuator interface by loosening the two bolts toward the front of the
device.
2. Replace the damaged interface with one of the spares provided. Reassemble and tighten
the bolts in reverse order.

Troubleshooting
o

The device does not turn on when the up or down button is pressed.
1. Ensure that the device is correctly plugged in and the toggle switch is switched to the on
position.
2. Examine the yellow 20A fuse within the wiring harness. If the connection within fuse is
ruptured, replace with new 20A fuse.

3. Unplug device for a 5 minute period to allow any possible overheating to dissipate.
Repeat step one.
4. If device continues to not work, please contact Progressive Automations at
1-800-676-6123 for further trouble shooting guidance.
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Wheelchair Tire Change: Assembly Instructions
Required Equipment:

Phillips Screwdriver
9/16 inch Socket
3/4 inch socket
Ratchet
1/4 inch Allen Wrench
Crescent Wrench

****Read all instructions before beginning assembly****
1. Layout two Base Leg parallel to
one another, approximately 14
inches apart, with bolt holes
facing up as shown.

2. Place the Power Supply
Mounting Plate as shown, make
sure the holes align with holes on
the Base Leg. Be sure to place
the Power Supply Mounting
Plate so that the small holes are
towards the back of the device.

0
3. Place one Washer over every
hole as shown.
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4. Acquire four Frame Bolt-E and
lightly hand tighten down the
bolts into the threaded holes.

5. Place Base Bracket-A as shown,
being sure to align holes between
Base Bracket-A and Base Legs.

6. Place one Washer over every
hole (holes on left side are not
pictured but must also have a
Washer)

7. Acquire four Frame Bolt-E and
lightly hand tighten down the
bolts into the threaded holes.
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8. Place Brace Bracket-B over
holes on the Base Legs, and
place one Washer over the holes
on the Brace Bracket-B, as
shown.

9. Acquire four Frame Bolt-E and
lightly hand tighten down the
bolts into the threaded holes.

10. Position Upright Support in
between Brace Bracket-A and
Brace Bracket-B.

11. Acquire two Frame Bolt-B and
two Washer. Insert Frame BoltB with Washer on bolt shaft
through the alignment holes on
the Upright Support and the
Base Brackets.
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12. Place one Washer on each of the
Frame Bolt-B as shown.

13. Acquire two Nut and thread onto
Frame Bolt-B, as shown. Using
crescent wrench on the Nut with
9/16” socket and ratchet on the
head of Frame Bolt-B, tighten
down the Nut.

14. Now, assemble the Actuator
Mounting Plate with the Heavy
Duty Mounting Bracket. This
step requires two Actuator
Bracket Bolt, two Actuator
Bracket Nut, and two Actuator
Bracket Washer.

15. Position the Heavy Duty
Mounting Bracket on the
Actuator Mounting Plate and
align the holes.
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16. Place an Actuator Bracket
Washer on Actuator Bracket
Bolt as shown. Then insert into
the holes on the Actuator
Mounting Plate and through the
Heavy
Duty
Mounting
Bracket.

17. Acquire two Actuator Bracket
Nut and thread onto Actuator
Bracket Bolt, as shown. Using
crescent wrench on the Actuator
Bracket Bolt head with 3/4”
socket and ratchet on the
Actuator Bracket Nut, tighten
down the Actuator Bracket
Nut. Ensure that the front edge of
the Heavy Duty Mounting
Bracket is parallel with the edge
of the Actuator Mounting
Plate.
18. Place the assembly that was
finished in Step 17 onto the
assembly from Step 13, as
shown. Align the holes of the
Actuator Mounting Plate to the
holes on the Base Legs.

19. Place one Washer over every
hole on the Actuator Mounting
Plate as shown.
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20. Acquire four Frame Bolt-E and
lightly hand tighten down the
bolts into the threaded holes as
shown.

21. Now the Axle Interface must be
bolted to the Horizontal
Member. Using Frame Bolt-D,
two Washers, and one Nut,
fasten the Axle Interface to the
Horizontal Member as shown.
Using crescent wrench on the
Nut with 9/16” socket and
ratchet on the head of Frame
Bolt-B, tighten down the Nut.

22. When
both
Horizontal
Members have had an Axle
Interface fastened to them, they
should be mirror images of one
another, as shown (No assembly
for this step).

23. Acquire Frame Bolt-A and
Washer
and
align
the
Horizontal Member assembly
from Step 22 with the top most
holes of the Upright Support, as
shown.
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24. Acquire two Nut and thread onto
Frame Bolt-A, as shown. Using
crescent wrench on the Nut with
9/16” socket and ratchet on the
head of Frame Bolt-A, tighten
down the Nut.

25. Align the PA-17 Heavy Duty
Actuator lower mounting hole
with the hole on the Heavy Duty
Mounting Bracket and insert
the shoulder bolt as shown.
Tighten the shoulder bolt with
the 1/4" Allen wrench.

26. Insert Spacer-A into the upper
mounting hole on the PA-17
Heavy Duty Actuator, then
align the holes of the Horizontal
Member with the through hole
of Spacer-A.

27. Then insert Frame Bolt-F with a
Washer through Spacer-A.
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28. Place a Washer and Nut on the
bolt, as shown. Using crescent
wrench on the Nut with 9/16”
socket and ratchet on the head of
Frame Bolt-B, tighten down the
Nut.

29. Position the Power Supply
(wires on the right) and align
Power Supply mounting holes
to small holes on Base BracketA and Power Supply Mounting
Plate.

Wires on
this side.

30.
31. Acquire PSU Mounting Bolt
and insert them into holes with
head of the bolt facing up as
shown.

32. Acquire one PSU Mounting Nut
and tighten onto each PSU
Mounting Bolt from below as
shown. Use a Philips screwdriver
to tighten down the bolt and nuts.
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33. Insert the Toggle Switch into the
Upright Support and tighten
down the nut on the Toggle
Switch. Refer to wiring diagram
for wiring instructions.

34. Acquire End Cap and press fit
into the top of the Upright
Support. Do this step after
wiring the device.

32. Finished assembly of Wheelchair Tire Change

**

** Alternate setup method to include more Axle Interfaces starting from step 21 on next page **
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21. Now the Axle Interface must be
bolted to the Horizontal
Member. Using Frame Bolt-A,
two Washers, Spacer-B, and
one Nut, fasten the Axle
Interface to the Horizontal
Member as shown. Using
crescent wrench on the Nut with
9/16” socket and ratchet on the
head of Frame Bolt-B, tighten
down the Nut.
22. When
both
Horizontal
Members have had an Axle
Interface fastened to them, they
should be mirror images of one
another, as shown (No assembly
for this step).

23. When
both
Horizontal
Members have had an Axle
Interface fastened to them, they
should be mirror images of one
another, as shown (No assembly
for this step).

24. Acquire two Nut and thread onto
Frame Bolt-A, as shown. Using
crescent wrench on the Nut with
9/16” socket and ratchet on the
head of Frame Bolt-A, tighten
down the Nut.
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25. Align the PA-17 Heavy Duty
Actuator lower mounting hole
with the hole on the Heavy Duty
Mounting Bracket and insert
the shoulder bolt as shown.
Tighten the shoulder bolt with
the 1/4" Allen wrench.

26. Insert Spacer-A into the upper
mounting hole on the PA-17
Heavy Duty Actuator, then
align the holes of the Horizontal
Member with the through hole
of Spacer-A.

27. Then insert Frame Bolt-C with a
Washer through Spacer-A and
Spacer-B, as shown.

28. Place a Washer and Nut on the
bolt, as shown. Using crescent
wrench on the Nut with 9/16”
socket and ratchet on the head of
Frame Bolt-B, tighten down the
Nut.

**** Return to step 29 to continue with assembly ****
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